A family I.3 lipase from Pseudomonas sp. MIS38 (PML) has two lids, lid1 and lid2, which are open when it exhibits activity. A single calcium ion is required to anchor lid1 in the open conformation by coordination with two acidic residues (Asp153 and Asp157) in lid1 and three other residues. Lid1 adopts a long a-helix in the open conformation, whereas it is sharply bent within this helix, such that Asp153 and Asp157 are distantly located to each other, in the closed conformation. To examine whether the mutation of Asp153 or Asp157 to a positively charged residue allows two residues at Positions 153 and 157 to come close with each other and thereby stabilizes the open conformation of lid1 even in the absence of calcium ions, five single mutant proteins (D153K-, D153R-, D153A-, D157K-and D157R-PMLs) and two double mutant proteins (D153A/D157A-and D153R/D157N-PMLs) were constructed. Of these mutant proteins, only D153R-PML exhibited activity in the absence of calcium ions. Its lipase and esterase activities were 7-fold lower and 4-fold higher than those of PML, respectively. These activities were lost by the mutation of Asp157 to Asn. These results suggest that lid1 of D153R-PML opens even in the absence of calcium ions due to electrostatic attraction between Arg153 and Asp157.
Introduction
Lipases (EC 3.1.1.3) are defined as carboxylesterases that catalyze the hydrolysis of long-chain triglycerides (Jaeger and Eggert, 2002) . Most lipases undergo an interfacial activation, in which the enzymatic activity is greatly enhanced when the substrate concentration exceeds a critical micellar concentration (CMC). This phenomenon is mediated by large conformational changes of a lid that covers the active site (Barbe et al., 2009; Rehm et al., 2010) . This lid opens upon the contact with micellar substrates to make the active site accessible to the substrates. Family I.3 lipases are lipases from gram-negative bacteria and are secreted by Type 1 secretion system (T1SS) (Arpigny and Jaeger, 1999) . A family I.3 lipase from Pseudomonas sp. MIS38 (PML) consists of 617 amino acid residues . Like other passenger proteins of T1SS , PML consists of the N-domain (Residues 1 -372) containing the catalytic triad (Ser207, Asp255, His 313) (Kwon et al., 2000) and the C-domain (Residues 373 -617) containing 13 RTX (repeats in toxins) motifs and a secretion signal Kuwahara et al., 2011) . The C-domain is required not only for PML secretion but also for folding of the N-domain (Kwon et al., 2002; Angkawidjaja et al., 2005) . The crystal structures of PML in both closed ( Fig. 1A ) (Angkawidjaja et al., 2007) and open (Fig. 1B) (Angkawidjaja et al., 2010) conformations have been determined. According to these structures, 13 RTX motifs form a b-roll sandwich structure, in which eight calcium ions (Ca4 -Ca11) bind. Of these calcium ions, only Ca6 and Ca10 are removed by dialysis against calcium-free buffer without significantly affecting the structure (Angkawidjaja et al., 2010) . However, when all calcium ions are removed by the EDTA treatment or by refolding the protein in the absence of calcium ions, the C-domain is almost fully unfolded (Amada et al., 2001; . PML has two helical lids, lid1 and lid2, both of which are required for interfacial activation (Cheng et al., 2012) . Lid1 is the common lid for various lipases, whereas lid2 is unique to PML and family I.3 lipases. Both lids cover the active site in the closed conformation (Fig. 1A ), whereas they move away from the active site in the open conformation (Fig. 1B ) (Angkawidjaja et al., 2007 (Angkawidjaja et al., , 2010 . Molecular dynamics (MD) simulations suggest that lid1 opens prior to lid2 and lid2 closes prior to lid1 (Angkawidjaja et al., 2010) . Lid1 adopts a long a-helix in the open conformation, whereas it is sharply bent, such that two short helices are connected by a loop in the closed conformation.
PML requires a single calcium ion for activity, because this calcium ion (Ca1) is required to anchor lid1 to the open position (Fig. 1B and C) . Contact with micellar substrates alone is not sufficient for full opening of lid1 and interfacial activation (Angkawidjaja et al., 2010) . This calcium-dependent opening of lid1 is probably a characteristic common to family I.3 lipases (Meier et al., 2007; Mohamad Ali et al., 2013; Panizza et al., 2013) . Ca1 of PML is hexacoordinated with the side chains of Gln120, Asp153 (monodentate) and Asp157 (bidentate), and the main chain oxygen atoms of Thr118 and Ser144 (Fig. 1C ). Asp153 and Asp157, which are the only acidic residues at the Ca1 site and are located in lid1, are distantly located to each other when lid1 is sharply bent in the closed conformation. These residues are located closer to each other when lid1 adopts a long helix in the open conformation. The shortest distance between the O d1 or O d2 atom of Asp153 and that of Asp157 is 5.6 Å in the closed conformation and 3.4 Å in the open conformation. Lid1 may not adopt a long helix unless Asp153 and Asp157 coordinate with Ca1, because these residues may not be able to come close to each other due to negative charge repulsion. Therefore, it would be informative to examine whether lid1 opens in a calcium-independent manner by mutating Asp153 or Asp157 to a positively charged residue.
In this study, we constructed D153K-, D153R-, D153A-, D157K-, D157R-, D153A/D157A-and D153R/D157N-PMLs and examined for their lipase and esterase activities. D157A-PML has previously been shown to be inactive even in the presence of calcium ions (Kuwahara et al., 2008) . Only D153R-PML exhibited both lipase and esterase activities in the absence of calcium ions, although its lipase activity was lower than that of PML by 7-fold. Because D153R/ D157N-PML did not exhibit activity either in the presence or in the absence of calcium ions, we suggest that lid1 of D153R-PML opens in a calcium-independent manner due to electrostatic attraction between Arg153 and Asp157.
Materials and methods

Mutagenesis
The pUC18 derivatives for secretion of D153K-PML, D153R-PML, D153A-PML, D157K-PML, D157R-PML, D153A/ D157A-PML and D153R/D157N-PML were constructed using a KOD mutagenesis kit (Toyobo) according to the supplier's instructions. Plasmid pUC-PML for secretion of PML (Kwon et al., 2002) was used as a template. The mutagenic primers were designed, such that the codon for Asp153 (GAT) is changed to AAG for Lys, AGG for Arg and GCT for Ala, and the codon for Asp157 (GAC) is changed to AAG for Lys, CGC for Arg, GCC for Ala and AAC for Asn. The pUC18 derivative for secretion of D157A-PML was previously constructed (Kuwahara et al., 2008) . Polymerase chain reaction was performed with a 2720 Thermal Cycler (Applied Biosystems). All primers were produced by Hokkaido System Science. The DNA sequence was confirmed with an ABI Prism 310 DNA sequencer (Applied Biosystems).
Secretion and purification
All PML mutants were secreted into the external medium using Escherichia coli DH5 cells transformed with plasmid pYBCD20 harboring the lipBCD gene encoding a T1SS (Lip system) from Serratia marcescens and the pUC18 derivatives harboring the genes encoding the PML mutants, as described previously (Kuwahara et al., 2008) . The secreted proteins were purified as described previously (Kwon et al., 2002) , with slight modifications. The protein was precipitated from the culture supernatant by 80% saturated ammonium sulfate, dissolved in 50 mM Tris -HCl ( pH 8) containing 5% (v/v) glycerol and 10 mM CaCl 2 and dialyzed against the same buffer. The protein solution was concentrated by an Amicon concentrator (Milipore) using a 30-kDa cut-off membrane and subjected to size exclusion chromatography using a HiLoad 16/60 Superdex 200 column (GE Healthcare) equilibrated with 5 mM Tris -HCl ( pH 8). The purity of the protein was analyzed by sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS -PAGE) (Laemmli 1970 ) using a 12% polyacrylamide gel, followed by staining with Coomassie Brilliant Blue R-250 (CBB). The protein concentration was determined from UV absorption on the basis that the absorbance of a 0.1% solution (1 mg ml
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) at 280 nm is 1.1 for PML and its derivatives. These values were calculated by the method of Gill and von Hippel (1989) . , the active site residues (Ser207, Asp255 and His313), Asp153 and Asp157 are indicated by stick models, in which oxygen and nitrogen atoms are colored red and blue, respectively. N and C represent the N-and C-termini, respectively. In (C), the amino acid residues that are coordinated with Ca1 are indicated by stick models, in which oxygen and nitrogen atoms are colored red and blue, respectively.
CD spectroscopy
The circular dichroism (CD) spectra were measured on a J-725 spectropolarimeter (Japan Spectroscopic) at 208C. The protein was dissolved in 5 mM Tris -HCl ( pH 8.0) containing 5 mM CaCl 2 . The protein concentration and optical path length were 0.1 mg ml 21 (1.6 mM) and 2 mm for far-UV CD spectra, and were 0.5 mg ml 21 (7.8 mM) and 10 mm for near-UV CD spectra, respectively. The mean residue ellipticity [u] , which has the unit of deg cm 2 dmol
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, was calculated by using an average amino acid molecular mass of 104 Da. This value was calculated using the amino acid sequence of PML.
Enzymatic activity
Lipase activity was determined by using triglycerides with various chain lengths, such as triacetin (C2), tributyrin (C4), tricaproin (C6), tricaprylin (C8), triolein (C18), olive oil, as substrates. Esterase activity was determined using fatty acid ethyl esters with various chain lengths, such as ethyl-butyrate (C4), ethyl-caproate (C6), ethyl-caprylate (C8), ethyl-laurate (C12) and ethyl-palmitate (C16), as substrates. Triglycerides with chain lengths from C4 to C8 were obtained from Sigma-Aldrich. Triglycerides with chain lengths of C2 and C18, olive oil and fatty acid ethyl esters were obtained from Wako Pure Chemical.
For measurement of both lipase and esterase activities, appropriate amount of the enzyme was mixed with the substrate in 1.5 ml of 25 mM Tris -HCl ( pH 7.5) or the same buffer containing 10 mM CaCl 2 . The concentration of the substrate was 15% (v/v) (800 mM) for triacetin (C2) and 3.7% (v/v) for other substrates. At these concentrations, all lipase substrates form micelles, because the CMC of triacetin (C2) is 306 mM [5.7% (v/v)] (Jaeger et al., 1993) and all lipase substrates with chain lengths of C4-C18 are nearly insoluble in the aqueous solution. The reaction mixture was incubated at 308C for 30 min with constant vigorous shaking. Reaction was terminated by the addition of 5 ml acetone -ethanol (1 : 1, v/v) and the amount of liberated fatty acid was titrated with 10 mM NaOH. One unit of activity is defined as the amount of enzyme that liberates 1 mmol of fatty acid per minute.
Thermal denaturation
The thermal denaturation curves of the proteins were obtained by plotting the change in CD values at 220 nm against increasing temperature (18C/min). The protein was dissolved in 5 mM Tris -HCl ( pH 8.0), the same buffer containing 5 mM CaCl 2 , the same buffer containing 0.02% Triton X-100 or the same buffer containing both 5 mM CaCl 2 and 0.02% Triton X-100. The protein concentration and optical path length were 0.2 mg ml 21 and 2 mm, respectively. The midpoint of the transition of thermal denaturation curve (T 1/2 ), at which 50% of the protein is denatured, was calculated from curve fitting of the resultant CD values versus temperature data on the basis of a least-squares analysis using the program provided by the manufacturer of the CD instrument (Japan Spectroscopic).
Results
Mutant preparation
To examine whether lid1 is open in the absence of calcium ions by the mutation of Asp153 or Asp157 to a positively charged residue (Lys or Arg), D153K-, D153R-, D157K and D157R-PMLs were constructed. We have previously shown that D157A-PML with the mutation of Asp157 to Ala is inactive either in the presence or in the absence of calcium ions (Kuwahara et al., 2008) . To confirm that elimination of a negative charge repulsion between Asp153 and Asp157 is not sufficient for calcium-independent opening of lid1, D153A-PML with the mutation of Asp153 to Ala, D153A/D157A-PML with the double mutations of Asp153 and Asp157 to Ala, and D153R/D157N-PML with the double mutations of Asp153 to Arg and Asp157 to Asn were also constructed.
All mutant proteins were secreted from E. coli DH5 cells carrying a heterologous T1SS into the external medium. They were purified to give a single band on SDS-PAGE (data not shown). The secretion levels of the mutant proteins varied from 20 to 30 mg l 21 culture and the amounts of the mutant proteins purified from 1 l culture varied from 15 to 25 mg, both of which were comparable with those of PML. The molecular masses of all mutant proteins estimated from gel filtration chromatography ( 68 kDa) were comparable with the calculated one (64.5 kDa), suggesting that they exist as a monomer as does PML.
Similarity in the overall structure between PML and its mutant
To examine whether the overall structure of PML is changed by the mutations, the far-and near-UV CD spectra of PML and its mutants were measured at pH 8 in the presence of 5 mM CaCl 2 . Under these conditions, PML assumes a closed conformation (Angkawidjaja et al., 2007) . The far-UV CD spectrum reflects the secondary structure of the protein, whereas the near-UV CD spectrum reflects the local conformation around Trp and Tyr. The far-and near-UV CD spectra of the several PML mutants (D153R-PML, D153K-PML and D153R/D157N-PML) are shown in Fig. 2A and B, respectively, in comparison with those of PML. The far-and near-UV CD spectra of these mutants, except for the near-UV CD spectrum of D153R/D157N-PML, are highly similar to those of PML. The far-and near-UV CD spectra of other mutants are not shown, because they were also highly similar to those of PML. These results suggest that the single or double mutations at Asp153 and Asp157 do not significantly affect the overall structure of PML. The near-UV CD spectrum of D153R/ D157N-PML is slightly different from that of PML, probably because the local conformation of the aromatic residues, such as Tyr161, is slightly changed. PML assumes an open conformation in the presence of 5 mM CaCl 2 and 0.02% triton X-100 (Angkawidjaja et al., 2010) . However, the far-and near-UV CD spectra of PML measured under these conditions were highly similar to those measured in the presence of 5 mM CaCl 2 and the absence of triton X-100 (data not shown), suggesting that it is difficult to distinguish between the open and closed conformations of PML by CD spectrometry.
Identification of D153R-PML as only mutant with calcium-independent activity
PML assumes an open conformation and therefore exhibits activity in the presence of calcium ions, whereas it assumes a closed conformation and therefore exhibits little activity in the absence of calcium ions (Kuwahara et al., 2008; Angkawidjaja et al., 2010) . To examine whether the PML mutants assume an open conformation even in the absence of calcium ions, they were dialyzed against calcium-free buffer and their enzymatic activities were determined at pH 7.5 and 308C in the presence and absence of 10 mM CaCl 2 . We have previously reported that the structure of PML is not significantly changed by this dialysis, although 3 of the 11 calcium ions bound to the protein (Ca3, Ca6 and Ca10) are removed (Angkawidjaja et al., 2010) . The lipase and esterase activities of the proteins were determined by using triolein (C18) and ethyl-butyrate (C4) as a substrate, respectively. Of the PML mutants examined, only D153R-PML exhibited lipase and esterase activities even in the absence of calcium ions. The lipase and esterase activities of D153R-PML were 1200 and 830 units mg
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, respectively, in the presence of calcium ions, and were 420 and 900 units mg
, respectively, in the absence of calcium ions. The lipase and esterase activities of PML were 2900 and 230 units mg
, respectively, in the presence of calcium ions. Thus, the lipase and esterase activities of D153R-PML in the absence of calcium ions were 7-fold lower and 4-fold higher, respectively, than those of PML in the presence of calcium ions. Other mutants exhibited little lipase and esterase activities either in the presence or in the absence of calcium ions. PML exhibited little lipase and esterase activities in the absence of calcium ions. These results indicate that lid1 of D153R-PML opens in a calcium-independent manner, whereas that of the other mutants does not open either in the presence or in the absence of calcium ions.
Difference in substrate selectivity between D153R-PML and PML
To examine whether D153R-PML exhibits lower activities toward other triglycerides and higher activities toward other fatty acid ethyl esters than PML, the enzymatic activities of PML and D153R-PML were determined at pH 7.5 and 308C by using various triglycerides and fatty acid ethyl esters with different acyl chain lengths as substrates. The activities of these proteins toward triglycerides and fatty acid ethyl esters are summarized in Fig. 3A and B, respectively. PML was active toward all substrates examined only in the presence of calcium ions. In contrast, D153R-PML was active toward these substrates both in the presence and absence of calcium ions.
When the activities of D153R-PML toward various triglycerides in the absence of calcium ions were compared with those of PML in the presence of calcium ions, the activity of D153R-PML toward triacetin was comparable with that of PML, whereas its activities toward the other triglycerides were lower than those of PML by 2.1 -6.8 fold (Fig. 3A) . When the activities of D153R-PML toward various fatty acid ethyl esters in the absence of calcium ions were compared with those of PML in the presence of calcium ions, the activities of D153R-PML toward ethyl-caproate (C6) and ethyl-laurate (C12) were lower than those of PML by 32 and 12%, respectively, whereas its activities toward ethyl-butyrate (C4), ethyl-caprylate (C8) and ethyl-palmitate (C16) were higher than those of PML by 3.9-, 10.8-and 1.9-fold, respectively (Fig. 3B) . These results suggest that D153R-PML exhibits lower activity toward most of triglycerides and higher activity toward most of fatty acid ethyl esters than PML. Comparison of the substrate selectivities of D153R-PML and PML indicates that D153R-PML shows the highest preference for triacetin (C2), whereas PML shows a wide preference for triglycerides, with the highest preference for triolein (C18) (Fig. 3A) . Likewise, D153R-PML shows a wide preference for fatty acid ethyl esters, with the highest preference for ethylbutyrate (C4), whereas PML shows a strong preference for ethyl-caproate (C6) (Fig. 3B) . Thus, the substrate selectivity of D153R-PML is different from that of PML for both triglycerides and fatty acid ethyl esters. It has been reported that PML shows the highest preference for tributyrin (C4) Cheng et al., 2012) . However, the activity of PML toward triolein, which is slightly higher than that toward tributyrin, has not been analyzed previously.
It is noted that the substrate selectivity of PML toward esterase substrates is different from that previously reported , probably because fatty acid ethyl esters, instead of p-nitrophenyl esters of fatty acids, were used as esterase substrates in this study. The reason why the activities of PML for esterase substrates with different chain lengths have such big differences and inconsistent changes with increasing chain lengths remains to be clarified.
When the activity of D153R-PML in the presence of calcium ions was compared with that in the absence of calcium ions, the activities of D153R-PML toward triacetin (C2), tricaproin (C6) and tricaprylin (C8) in the presence of calcium ions were comparable with those in the absence of calcium ions, whereas the activities of D153R-PML toward tributyrin (C4), triolein (C18) and olive oil in the presence of calcium ions were higher than those in the absence of calcium ions by 2.0-2.9 fold (Fig. 3A) . The reason why calcium ions only make a significant difference for these substrates remains to be clarified. However, the activities of D153R-PML toward various triglycerides in the presence of calcium ions were still lower than those of PML by 1.8-4.8 fold. In addition, the activities of D153R-PML toward various fatty acid ethyl esters in the presence of calcium ions were comparable with those in the absence of calcium ions (Fig. 3B) . These results suggest that Ca1 does not bind to D153R-PML. The slight difference in the substrate selectivity of D153R-PML in the presence and absence of calcium ions may be attributed to the binding of Ca3. This calcium ion weakly binds to the protein, such that it is dissociated from the protein in the absence of calcium ions (Angkawidjaja et al., 2010) . The Ca3 site is located relatively far from the active site (Fig. 1) . However, binding of this calcium ion may affect the conformation of the active site.
Difference in interfacial activation between D153R-PML and PML
To examine whether D153R-PML undergoes interfacial activation, the activity of D153R-PML was determined at different concentrations of triacetin (C2) in the presence and absence of 10 mM CaCl 2 . The activity of PML was also determined in the presence of 10 mM CaCl 2 for comparative purpose. As shown in Fig. 4 , the plots of these enzymatic activities as a function of triacetin concentration gave sigmoidal curves, indicating that D153R-PML undergoes interfacial activation as does PML. These curves do not clearly show interfacial activation, but are definitely different from a typical Michaelis -Menten curve. However, the sigmoidal curves of D153R-PML in the presence and absence of calcium ions, -independent opening of lid1 of family I.3 lipase which were nearly identical to each other, were different from that of PML. The activity of PML was greatly enhanced at around CMC of triacetin (306 mM), as reported previously Cheng et al., 2012) . In contrast, the activity of D153R-PML was greatly enhanced at triacetin concentrations higher than CMC. Because the curve showing interfacial activation of D153R-PML in the absence of calcium ions is highly similar to that in the presence of calcium ions (Fig. 4) , we assume that the CMC of triacetin is not seriously changed in the presence or absence of 10 mM CaCl 2 .
Similarity in stability between D153R-PML and PML
To examine whether the mutation of Asp153 to Arg affects the stability of the open conformation of PML, thermal denaturation of PML and D153R-PML was analyzed in the presence of 5 mM CaCl 2 and 0.02% Triton X-100 by monitoring the change in CD values at 220 nm as the temperature was increased. Triton X-100 was used as a micellar substance, because we have previously shown that Triton X-100 is suitable for solving the open conformation of PML (Angkawidjaja et al., 2010) . Likewise, to examine whether this mutation affects the stability of the closed conformation of PML, thermal denaturation of PML and D153R-PML was analyzed in the absence of Triton X-100 and either in the presence or in the absence of 5 mM CaCl 2 . Thermal denaturation of PML and D153R-PML was analyzed in the absence of calcium ions and in the presence of 0.02% Triton X-100 as well for comparative purpose. The thermal denaturation curves of PML and D153R-PML measured under these conditions are shown in Fig. 5 . The midpoints of the transition of these thermal denaturation curves, T 1/2 , are summarized in Table I . The T 1/2 value of D153R-PML is slightly higher than but comparable with that of PML at any condition examined, indicating that the mutation of Asp153 to Arg does not significantly affect the stability of PML, regardless of whether PML adopts an open or a closed conformation.
It is noted that the stability of PML and D153R-PML decreases by 8 -98C in the absence of calcium ions when compared with that in the presence of calcium ions, regardless of whether Triton X-100 is present or not. Eleven calcium ions (Ca1 -Ca11) bind to PML in the presence of calcium ions and Triton X-100, whereas eight calcium ions bind to it in the absence of calcium ions and presence of Triton X-100 (Angkawidjaja et al., 2010) . Ca3, Ca6 and Ca10 are removed from PML in the absence of calcium ions. Of them, Ca3 has been reported to contribute to the stabilization of PML by 58C (Kuwahara et al., 2008) . These results suggest that Ca6 and Ca10 contribute to the stabilization of PML by 3 -48C.
Discussion
This study is the first study on engineering of family I.3 lipase with calcium-independent activity. In this study, a PML derivative that does not require calcium ions for the opening of ). These curves were obtained by monitoring the change in CD values at 220 nm as described in the Materials and Methods section. Thermal denaturation of the protein was analyzed under the same condition for assay in the presence or absence of 0.02% Triton X-100 by monitoring the change in CD values at 220 nm. T 1/2 represents the midpoint of the transition of the thermal denaturation curve. The experiment was carried out at least twice and the errors from the average values were +0.18C.
lid1 and therefore for activity was successfully constructed by the mutation of Asp153 to Arg. This derivative, D153R-PML, requires calcium ions for folding and its folded structure is probably unchanged by dialysis against calcium-free buffer, as reported for PML (Angkawidjaja et al., 2010) . Because the activity of D153R-PML is lost by the mutation of Asp157 to Asn, electrostatic attraction between Arg153 and Asp157 seems to be responsible for calcium-independent opening of lid1. Opening of lid1 involves a significant structural change of lid1 from helix-turn-helix to single helix together with rotational and translational movements of lid1 from closed to open positions (Angkawidjaja et al., 2010) . Arg153 probably facilitates this structural change and movement of lid1 by forming a salt bridge with Asp157. Stabilization of the open conformation of lid by arginine-mediated salt bridges and hydrogen bonds (H-bonds) has also been reported for Thermomyces lanuginosa lipase (Brzozowski et al., 2000) and Geobacillus zalihae lipase (Abdul Rahman et al., 2012) . To test the hypothesis that Arg153 and Asp157 form a salt bridge, MD simulation was performed using the PML structure in the open conformation as a starting model. However, according to the simulated structure of D153R-PML, two oppositely charged groups at Positions 153 and 157 are not located within a distance of 5 Å , which is the cutoff distance to define the salt bridge (Cheng, M., unpublished result) . This result suggests that the structure of D153R-PML in the open conformation is significantly different from that of PML.
Other PML derivatives designed to introduce a salt bridge between Residues 153 and 157, such as D153K-PML, D157R-PML, and D157K-PML, did not exhibit activity either in the presence or in the absence of calcium ions, probably because two oppositely charged groups at Positions 153 and 157 are not located within a distance of 5 Å in these derivatives. A similar result has been reported for Staphylococcus hyicus lipase (SHL). SHL contains a single calcium ion, which is important for stability (Tiesinga et al., 2007) . Like Asp153 and Asp157 of PML, Asp354 and Asp357 are the only acidic residues that coordinate with this calcium ion. Mutation of Asp357 to Lys, Asn or Ala resulted in a calcium-independent SHL derivative that retains high stability even in the absence of calcium ion, whereas mutation of Asp354 to Lys or Asn did not (Simons et al., 1999) . The steric configurations of Lys354 and Asn354 may be unfavorable for the stabilization of the SHL derivatives.
D153R-PML undergoes interfacial activation like PML. However, the substrate concentration required for this interfacial activation is higher than that required for interfacial activation of PML (Fig. 4) , indicating that D153R-PML is less sensitive to interfacial activation than PML. This result suggests that the open conformation of D153R-PML is less stable than that of PML. The difference in the anchoring mechanisms of lid1 of D153R-PML and PML may account for this differ- from Pseudomonas CR-611 does not undergo interfacial activation, despite the high amino acid sequence identity (93%) to PML (Panizza et al., 2013) . Amino acid substitutions at Positions 149 (Asn for PML and Ile for CR-611 lipase) and 152 (Leu for PML and Gly for CR-611 lipase) in lid1 have been suggested to be responsible for the difference in the sensitivities of these lipases to interfacial activation (Panizza et al., 2013) .
D153R-PML exhibits lower activity toward triglycerides than PML, with a few exceptions (Fig. 3A) . This result suggests that the conformation of lid1 of D153R-PML in the open conformation is different from that of PML. Lid1 is amphiphilic with one side being hydrophilic and containing Arg153 or Asp153 in D153-PML or PML, respectively, and the other side being hydrophobic. The hydrophilic side faces outward and the hydrophobic side faces inward in the closed conformation, whereas the hydrophilic side faces inward and the hydrophobic side faces outward in the open conformation. The hydrophobic side of lid1 in the open conformation is required for binding to micellar substrate. The activities of D153R-PML toward most of the triglycerides decrease when compared with those of PML, probably because the capability of D153R-PML to bind to these substrates decreases when compared with that of PML due to a change in the conformation of lid1 in the open conformation.
In contrast, D153R-PML exhibits higher activity toward fatty acid ethyl esters than PML, with a few exceptions (Fig. 3B) . This result suggests that these substrates can access the catalytic pocket of D153R-PML more readily than that of PML. Fatty acid ethyl esters are less hydrophobic and more water soluble than triglycerides. These substrates exist as monomers or small aggregates, known as pre-micelles (Hadgiivanova and Diamant, 2007; Cui et al., 2010) . Therefore, these substrates may not require full and stable opening of lid1 for their access to the catalytic pocket of the enzyme. D153R-PML exhibits higher activity toward fatty acid ethyl esters than PML, probably because lid1 of D153R-PML more easily opens upon contact with pre-micelles than that of PML due to increased flexibility. The importance of lid for substrate selectivity of lipase has been reported not only for family I.3 lipase (Cheng et al., 2012; Panizza et al., 2013) , but also for other lipases from bacteria Santarossa et al., 2005; Secundo et al., 2006) , fungi (Holmquist et al., 1995; Brocca et al., 2003; Skjøt et al., 2009; Zhu et al., 2013) , mammals (Carrière et al., 1997; Yang et al., 2000) and human (Dugi et al., 1995; Bezzine et al., 1999; Jennens and Lowe, 1994; Thomas et al., 2005) . Further structural studies of D153R-PML will be required to understand the mechanism by which D153R-PML exhibits activity in a calcium-independent manner and exhibits different substrate selectivities from that of PML. However, despite our extensive efforts, attempts to obtain the crystals suitable for X-ray crystallographic analyses have so far been unsuccessful.
Because esterase is distinguished from lipase in its ability to catalyze more soluble substrates (Fojan et al., 2000) , D153R-PML exhibits higher esterase activity than PML. However, D153R-PML is still a true lipase, because it undergoes interfacial activation in a calcium-independent manner. In addition to the side chains of Asp153 and Asp157, that of Gln120 provides a ligand for coordination with Ca1. Therefore, it would be informative to examine whether another PML derivative with calcium-independent activity can be constructed by introducing a salt bridge between Residues 120 and 153 or Residues 120 and 157.
